Abstract Agricultural productivity is severely hampered by drought in many parts of the globe. It is well-known that wild plant species can tolerate drought better when compared with their closely related cultivated plant species. Better drought adaptation of wild species over cultivated ones is accounted for their ability to differentially regulate gene expression. miRNAs, known to regulate gene expression at the post-transcriptional level, are admitted to play an important role in plant adaptation to stresses. This study aims at evaluating miRNA dynamics in a droughttolerant wild Ipomoea campanulata L. and drought-sensitive cultivated Jacquemontia pentantha (Jacq.) of the family Convolvulaceae under ex situ drought. Sequencing profiles revealed that 34 conserved miRNA families were analogous between the two species. Drought altered expression levels of several of these miRNAs in both the species. Drought-tolerant I. campanulata showed upregulation of miR398, miR168, miR858, miR162 and miR408, while miR394 and miR171 were downregulated. Droughtsensitive J. pentantha showed upregulation of miR394, miR156, miR160, miR164, miR167, miR172, miR319, miR395, miR396, miR403 and downregulation of miR157. Basal miRNA levels and their drought mediated regulation were very different between the two species. Differential drought sensitivities of these two plant species can be attributed to these innate variations in miRNA levels and their expression.
Introduction
Drought severely reduces crop yield world-wide and with changing climate, its probability of occurrence is predicted to rise (Yinpeng et al. 2009 ). One of the strategies for improving drought tolerance of crop plants is to explore the drought tolerance mechanisms in tolerant plants (Tuberosa and Salvi 2006; Ashraf 2010) . Cultivated plants are grown in benign environments for higher yields where they hardly confront water shortage, making them to become droughtsensitive over the years (Halpin 2005; Tuberosa and Salvi 2006) . By contrast, wild plants, found naturally in arid and semi-arid regions, grow under highly fluctuating levels of water availability, which makes them to express innate tolerance mechanisms that are not found in cultivated plants (Akashi et al. 2008) . Attempts were made to unravel such mechanisms using gene or protein expression profiles but such efforts have mostly utilized crop plants. Rarely a crop plant or a cultivated plant's response is being compared to a related wild species. Moreover, post-transcriptional gene regulation is a less understood phenomenon compared to the transcriptional regulation in response to drought. Several recent studies have shown that miRNAs that act as post-transcriptional regulators are regulated by drought and other abiotic stresses revealing a new layer of gene regulation that is very important for adapting to stress conditions (Sunkar et al. 2007 Ghorecha et al. 2013 ). Furthermore, miRNA regulation differs between drought sensitive and tolerant genotypes under stress (Kulcheski et al. 2011) .
Thus far, 8496 mature miRNAs are identified from 74 plant species (miRBase release-21) (http://www.mirbase. org/cgi-bin/browse.pl). Most of these miRNAs are identified from model and crop species. There is little information available for miRNAs from non-model wild species. Compared with the cultivated plant species, naturally occurring, closely related wild species exhibit tolerance to stress. Identifying such differential tolerance mechanisms could assist in improving the performance of cultivated species. We previously compared the differences in selected biochemical parameters along with the expression analysis of some of the conserved miRNAs using small RNA blot analysis in wild, drought-tolerant (Ipomoea campanulata L.) and cultivated but drought-sensitive Jacquemontia pentantha (Jacq.) growing under in situ conditions (Ghorecha et al. 2014 ). The present study has been carried out to evaluate miRNAs dynamics using sequencing-based strategy by identifying the entire spectrum of conserved miRNAs as well as their responsiveness to drought in ex situ grown wild and cultivated species (I. campanulata and J. pentantha respectively), belonging to the same family, Convolvulaceae.
Materials and methods
Experiments were carried out in greenhouse with no artificial day length control. Day and night temperatures were maintained at 35 and 25°C respectively ±1°C. Stem cuttings of similar length and girth were obtained from healthy and non-stressed natural populations of I. campanulata and J. pentantha (Ghorecha et al. 2014) . Cuttings were trimmed to remove the leaves (except 2-3 at the tip). Lower ends of these cuttings were dipped in Rootone (containing IBA) to promote rooting. They were planted in standard pots (32 cm diameter top, 25 cm diameter base and 25 cm depth) filled with homogenous garden soil. Potted plants for each species were watered daily to the soil capacity and allowed to grow for 2 months so as to ensure that all of the clones have attained uniform size. At this stage, most of the plants of I. campanulata and J. pentantha showed 13-15 and 35-37 leaves respectively. Five pots each, for both control and drought stress, were arranged in a complete randomized block design. Drought stress was applied by withholding water supply for 2 days, as at this stage cultivated species showed leaf dropping. There was no change in the watering cycle of control plants. As an indicator of stress, leaf relative water content (RWC) was measured in mature leaves (3rd, 5th and 7th from tip) of both the species under control and drought stress, according to Catsky (1960) . For measuring RWC, five leaves each from control and stressed plants were weighed immediately after sampling to measure the Fresh weight (FW). These leaves were immersed in distilled water for 5 h and Turgid weight (TW) was measured. The leaves were then oven-dried at 60°C for 2 days and Dry weight (DW) was measured. RWC was calculated using the formula RWC = (FW -DW)/(TW -DW) 9 100.
Total RNA was extracted from mature leaves (6th from tip) of control and stressed plants using TRIzol reagent (Invitrogen). The quality and concentration of RNA was measured with the help of 1% agarose gel and ND1000 spectrophotometer (Thermo Scientific). LC Sciences (http://www.lcsciences.com, Houston, TX, USA) has sequenced small RNAs using Illumina platform. Small RNAs were selected in accordance with standard quality control of LC Sciences and reads containing clear adaptor sequences were further processed. Using in-house written software, the adaptor sequences were removed to obtain 18-30 nt small RNAs for which both total and unique read numbers were established . Non-coding RNAs such as rRNAs, tRNAs, snRNAs and snoRNAs were removed from the unique reads and then using BLASTn, small RNA reads were searched against the known plant miRNAs in the database (miRBase version 21 available at http://microrna.sanger.ac.uk/sequences/). Small RNA sequences that aligned to the known plant miRNAs in miRBase were identified as conserved miRNAs. For comparing the differential expression of miRNAs in wild and cultivated species towards drought stress, the normalized miRNA expression levels (actual miRNA reads*1,000,000/total count of clean reads) were used. To further validate the sequencing profiles, small RNA blot analysis was performed as described .
Results and discussion
Upon exposure to drought stress, leaf wilting was observed in J. pentantha while no such symptoms were seen in I. campanulata. At this stage, leaf RWC of drought-stressed J. pentantha and I. campanulata were 55 and 40% lower than the control plants, respectively. Lesser decrease in RWC in I. campanulata is indicative of its ability to hold water during drought stress, making it as drought-tolerant compared to J. pentantha. Similarly, it was reported that drought tolerance is associated with the capacity to maintain high RWC levels (Stoyanov 2005; Keyvan 2010 ). Differential drought tolerance of wild and cultivated species of Helianthus annuus was correlated with the differences in gene expression profiles (Mayrose et al. 2011 ). Gene expression is orchestrated at both transcriptional and post-transcriptional level (Vaucheret and Fagard 2001) . At the post-transcriptional level, the messenger RNAs can rapidly be regulated by selectively repressing the translation of some mRNAs while allowing the others to express (Holcik and Sonenberg 2005; Leung and Sharp 2007) . As miRNAs are crucial post-transcriptional regulators of plant development and stress responses (Yang et al. 2007; Sunkar et al. 2012) , their dynamics have been analyzed here in I. campanulata and J. pentantha grown under control and drought. The sequences obtained from small RNA libraries are presented in Table 1 . The obtained total small RNA reads from control and drought-stressed libraries ranged between 4 and 8 million ( Table 1 ). The abundances of unique 18-30 nt small RNA reads were almost similar in the control libraries of both the species. In the controls of both the species, highest reads of total unique small RNAs were observed for 24-nt size class followed by 23-nt size class (Figs. 1a, 2a) . The abundance of small RNA reads in the control libraries of the two species was comparable to those reported in Lagenaria siceraria, Cucurbita moschata, Cucurbita pepo and watermelon (Jagadeeswaran et al. 2012). However, control and drought stress libraries of Medicago truncatula and Hordeum vulgare were reported to show the highest peak of small RNA reads at 24-nt and second highest reads for 21-nt size class Hackenberg et al. 2015) . Similar kind of size distribution of drought stressed small RNA libraries of the two species in this study have been observed with the highest peak of total small RNA reads at 24-nt followed by 21-nt size class (Figs. 1a, 2a) . It indicated that drought stressed libraries of the two species showed the second highest abundance of unique 21-nt small RNAs, which was seen for 23-nt size class in the control libraries. The 21-nt class of small RNAs is typically composed of miRNAs and tasiRNAs (trans-acting short interfering RNAs) (Montes et al. 2014) . Amongst the unique miRNA reads, the size distribution revealed the highest abundance for 21-nt size class in both control and drought libraries of both the species (Figs. 1b, 2b ). The abundance of small RNAs in this class (21-nt) was prominently higher in drought libraries of both the species as compared to control libraries. Overall, results from both the species suggested altered miRNA levels under drought exposure.
Although identification of miRNAs is difficult for plants lacking genome sequence information, the miRNA homology search can identify miRNAs from such plants (Zhang et al. 2006) . Deep sequencing of small RNAs was effectively used to identify conserved miRNAs from plants that lack genome information Guzman et al. 2012; Lukasik et al. 2013) . In the present study, small RNAs from leaves of control and drought-exposed I. campanulata and J. pentantha were sequenced. The sequence analysis revealed the identification of 41 conserved miRNA families in I. campanulata (represented by 213 and 177 miRNAs in control and drought-stressed libraries, respectively) ( Table 2 ). In the case of J. pentantha, 35 conserved miRNA families (150 and 176 miRNAs from control and drought-stressed libraries, respectively) have been identified (Table 2) . Overall, 34 miRNA families overlapped between these two plant species and the remaining miRNAs (miR169, miR447, miR473, miR477, miR4995, miR5141, miR530-5 and miR3630-3) were only identified in either of the species which had relatively lower expression (Table 2 ). In Eugenia uniflora and Vigna mungo (lacking genome sequence information), a total of 45 (consisting 204 miRNAs) and 19 (consisting 45 miRNAs) conserved miRNA families were identified respectively (Guzman et al. 2012; Paul et al. 2014) . Number of miRNAs expressed in drought stress library was lower than control in I. campanulata and vice versa in J. pentantha. Differential expression of miRNAs and their profiles, in control and drought treated libraries of tolerant and sensitive species was reported previously by attributing the variation to species-specific expression (Candar-Cakir et al. 2016) . Expression of miR477 was specifically identified in the wild species, I. campanulata. Similar to this observation, expression of miR477 was reported in leaves of wild progenitor of Cassava as compared to the cultivated ones (Chen et al. 2015) . miR477 was identified from Populus trichocarpa, Vitis vinifere and Nicotiana tabaccum (Lu Tang et al. 2012) . In P trichocarpa, miR477 is predicted to target a member of the GRAS gene family and a NAC-domain mRNA that are largely involved in developmental patterning (Lu et al. 2005; Laufs et al. 2004; Mallory et al. 2004) . Similar kind of inferences can be extended to the expression of miR477 observed in the wild species I. campanulata of this study. Interestingly, normalized miRNA levels revealed differences in miRNA abundances in the untreated leaves of these two plant species. Overall, miR166, followed by miR396 are most abundantly expressed families in the control samples of both plant species (Table 2) . Similar abundances for miR166 was reported in Glycine max, Sorghum bicolor and Cucurbit species Zhang et al. 2011; Jagadeeswaran et al. 2012 ). However, expression of miR166 is almost two fold greater in J. pentantha, compared to I. campanulata. miR166 is known to target HD-ZIP III transcription factor and regulate diverse facets of plant development such as leaf polarity, xylem differentiation in root, and modulation of lateral root growth under drought stress (Jung and Park 2007; Sakaguchi and Watanabe 2012; Bakhshi et al. 2016 ). Differential abundances of miR166, observed in this study, could imply differential regulation of its target/s in wild and cultivated species studied here, impacting some of the targeted responses. Similarly, several other miRNA families such as miR156, miR160, miR164, miR167, miR172, miR319 and miR403 were more abundantly expressed in I. campanulata, while miR159, miR168 and miR408 were more abundantly expressed in J. pentantha (Table 2 ). In general, evolutionarily conserved miRNAs are most abundantly expressed miRNAs in plants (Sunkar and Jagadeeswaran, 2008; Zhang et al. 2006 ). More strikingly, the differences in miRNA abundances were extremely high for miR403 in I. campanulata (almost 600 fold greater than J. pentantha) whereas miR858 and miR2111-5 were found only in I. campanulata (Table 2 ). Both the species showed only two miR403 isoforms and miR403 is mostly found restricted to dicot families like Malvaceae, Vitaceae, Salicaceae and Solanaceae (Jagtap and Shivaprasad 2014) . miR403 regulates AGO2 expression in Arabidopsis (Allen et al. 2005) . Its innate high levels in I. campanulata may be indicative of its differential role from J. pentantha. On the other hand, J. pentantha showed 30 and 40 fold greater levels of miR390 and miR398, respectively, than compared to I. campanulata (Table 2 ). miR390 regulates developmental timing and patterning in plants through the miR390/tasiRNA/ARF regulatory system while miR398 is crucial for plant stress responses as it regulates CuZnSOD levels (Sunkar et al. 2006) . Association between miR398 and CuZnSOD levels was previously established in these two species (Ghorecha et al. 2014) . Several miRNA levels were altered in both the species under drought. miRNA families having considerable expression ([100 RPTM) were considered for analysis. Those miRNAs that differed by at the least one fold are classified as drought-responsive miRNAs in this study. Similar fold change criterion was previously used in identifying differentially regulated miRNAs (Wang et al. 2016 ). Analysis of this study revealed about 2 downregulated (miR171, miR394) and 5 (miR162, miR168, miR398, miR858, miR408) upregulated miRNAs in I. campanulata, and, one (miR157) downregulated and 10 (miR394, miR156, miR160, miR164, miR167, miR172, miR319, miR395, miR396, miR403) upregulated miRNA families in J. pentantha (Table 3) . Of the upregulated miRNAs in I. campanulata, miR398 is the most upregulated that showed 5.37 fold increase under drought (Table 3) . Most upregulated miRNA families in J. pentantha include miR172, miR164, miR395 and miR403 (Table 3) .
The expression pattern of few of these drought-responsive miRNAs was validated by small RNA blot analysis (Fig. 3) . miR168 and miR319 were upregulated while miR396 was downregulated in both the species (Fig. 3c, f,  i) . Others 6 miRNAs showed downregulation in I. campanulata and were upregulated in J. pentantha (Fig. 3a, b,   d, e, g, h) . Except for miR396 in J. pentantha, the regulation pattern (i.e. up or down-regulation) of the miRNAs selected for validation were comparable to their respective sequencing profiles under stress. The lack of correlation between sequencing and northern blot results for miR396 expression in stressed J. pentantha could not be attributed to the source of RNA as same RNA samples were used for sequencing and Northern blot analysis. This lack of correlation between sequencing-based profiling and Northern profiling may largely be attributed to the biased-ligation with the adapters (Reddy et al. 2009 ) or sequencing problems. Although miR393 was not found as differentially regulated by drought as per our cut off criterion, the small RNA blot analysis revealed its induction by drought in J. pentantha but not in I. campanulata (Fig. 3g) . In I. campanulata, its levels were higher (revealed by both sequencing and blot analysis) in control samples than in J. pentantha (Table 2 ; Fig. 3g ). miR393 mediated regulation of auxin signalling is important for innate immunity of plants against pathogen attack (Navarro et al. 2006; RobertSeilaniantz et al. 2011) . It has been frequently reported that miR393 is upregulated by drought in several plant species ) and miR393 dynamics in drought stressed J. pentantha is comparable to these reports.
Interestingly, differential regulations were found for miR408 (upregulated by 1.31 fold in I. campanulata but downregulated by slightly less than one fold {not shown due to the cut off criterion} in J. pentantha) and miR394 (upregulated by 1.85 fold in J. pentantha but downregulated by 1.50 fold in I. campanulata) under drought in these two species (Table 3) . miR408 was reported to accumulate in drought stressed M. truncatula (Trindade et al. 2010) . Within the rice genotypes, miR408 levels were only elevated in drought tolerant ones (Nagina-22 and Vandana) but not in drought-sensitive genotypes under drought stress (Mutum et al. 2013) . Corresponding to the levels of miR408 in rice, the target plantacyanin-like protein showed inverse expression profile indicating that miR408-plantacyanin regulation may play a role in drought tolerance (Mutum et al. 2013) . Our findings on sequencing profile of miR408 revealed similar results as upregulation of miR408 in tolerant I. campanulata and downregulation in sensitive J. pentantha under drought stress. Similar to miR408, miR394 also regulates leaf development (i.e. by targeting LEAF CURLING RESPONSIVENESS {LCR} gene). It is known to be drought responsive in Arabidopsis and other species (Song et al. 2012; Liu et al. 2008; Kantar et al. 2011; Shuai et al. 2013) . Upregulation of miR394 in J. pentantha is comparable to those reported in cotton (0.87 fold increase) exposed to drought stress (Xie et al. 2014) . In another study, miR394 was shown to be downregulated in high-tolerant sugarcane cultivar but upregulated in the sensitive cultivars (Gentile et al. 2013) . In these cultivars, (Liu et al. 2007; Ballen-Taborda et al. 2013; Turner et al. 2013) . In Arabidopsis, miR160 appears to regulate auxin-ABA crosstalk, playing crucial role in seed germination (Liu et al. 2007 ). Drought mediated downregulation of miR160 was reported in Cassava, Populus trichocarpa and Sorghum bicolor (Ballen-Taborda et al. 2013; Shuai et al. 2013; Hamza et al. 2016 ). Contrary to this, miR160 was reported to accumulate in Prunus persica and Sugarcane under drought (Eldem et al. 2012; Gentile et al. 2015) . miR160 showed downregulation in I. campanulata and upregulation in J. pentantha under drought. Downregulation of miR160 in I. campanulata is reminiscent of what was observed in relatively drought tolerant Sorghum (Hamza et al. 2016) . Under in situ drought, miR160 was downregulated in both the species (Ghorecha et al. 2014) indicating that miR160 in I. campanulata showed unaltered regulation under in situ and ex situ drought while it differed in J. pentantha. Likewise, many other miRNAs including miR156, miR159, miR171, miR172, miR396, miR393 of I. campanulata and miR319, miR172 of J. pentantha showed unaltered regulation under in situ and ex situ drought. Contrary to this, several other miRNAs including miR168, miR319, miR398, miR408, miR395 of I. campanulata and miR156, miR159, miR160, miR168, miR171, miR398, miR408, miR396, miR393, miR395 of J. pentantha showed differential regulation under ex situ drought of this study and in situ drought study reported earlier (Ghorecha et al. 2014) . Downregulation of miR398 (and corresponding increase in CuZnSODs) in I. Fig. 3 continued campanulata was reported under in situ stress (Ghorecha et al. 2014 ), which was not seen in the present study. In our view, discrepancies in the regulation of these miRNAs, under in situ drought, could be attributed to possible influence of other uncontrolled environmental variables, which is normally not the case under ex situ drought. Similar kind of differential expression of miRNAs was observed in sugarcane that is grown in greenhouse versus field conditions (Gentile et al. 2015) .
Overall, our study suggests that miRNAs in these two plant species are differentially regulated by drought. Moreover, the basal miRNA levels were very different between the two plant species. Further studies are required to analyze the effect of altered miRNAs on their target genes, which would help in understanding how miRNA regulation affects their targets genes and this, in turn, alters drought tolerance in these two plant species.
